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Abstract. The present study examines life stage-related variation in the thermal limits
to activity and survival in an African pest, the false codling moth Thaumatotibia
leucotreta (Lepidoptera, Tortricidae). Thermal tolerance, including the functional
activity limits of critical thermal maxima and minima (CTmax and CTmin respectively),
upper and lower lethal temperature, and the effect of heat and cold hardening (short-term
acute plasticity), is measured across a diverse range of low or high temperature
stress conditions in both larvae and adults. We also report the sum of inducible and
cognate forms of the amounts of heat shock protein 70 (HSP70) as an explanatory
variable for changes in thermotolerance. The results show that the larvae have high
variability in CTmax and CTmin at different ramping rates and low levels of basal (innate)
thermal tolerance. By contrast, the adults show high basal tolerance and overall lower
variability in CTmax and CTmin, indicating lower levels of phenotypic plasticity in
thermotolerance. HSP70 responses, although variable, do not reflect these tolerance or
survival patterns. Larvae survive across a broader range of temperatures, whereas adults
remain active across a broader range of temperatures. Life stage-related variation in
thermal tolerance is most pronounced under the slowest (most ecologically-relevant)
ramping rate (0.06 ∘C min–1) during lower critical thermal limit experiments and least
pronounced during upper thermal limit experiments. Thus, the ramping rate can hinder or
enhance the detection of stage-related variation in thermal limits to activity and survival
of insects.
Key words. Adaptation, cold shock, heat hardening, ontogeny, phenotypic plasticity,
temperature stress.
Introduction
Insects are particularly vulnerable to temperature variation as a
result of their small size and generally ectothermic physiology.
The ecology and evolutionary history of a species shapes the
response of an insect to temperature extremes (Nyamukondiwa
et al., 2011; Ju et al., 2013; Kellermann et al., 2013). However,
it is also increasingly clear that life stage may impact basal and
plastic amounts of heat or cold tolerance (Jensen et al., 2007;
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Mitchell et al., 2013; reviewed in Bowler & Terblanche, 2008).
A clear mechanism for this pattern of life stage-related variation
in thermal tolerance and any associated plastic response is cur-
rently lacking (Sgrò et al., 2010; Overgaard et al., 2011; Mitchell
et al., 2011; Nyamukondiwa et al., 2011; Teets & Denlinger,
2013; Colinet et al., 2017). Methodology can also strongly influ-
ence estimates of thermal tolerance because ramping rates or
hardening periods may lead to physiological changes, resulting
in acclimation during the assay, attenuating any potential dam-
age (Terblanche et al., 2011; Faulkner et al., 2014).
In the present study, we test the general hypothesis that
variation in assay methodology (i.e. ramping rate, acute heat-
ing or chilling) influences activity limits and survival at ther-
mal extremes in an African agricultural pest insect, the false
© 2017 The Royal Entomological Society 379
380 J. S. Terblanche et al.
codling moth Thaumatotibia leucotreta (Lepidoptera: Tortrici-
dae). Specifically, we report on the effects of ramping treat-
ments and hardening (shock) assays on survival and critical
thermal maxima and minima in both larvae and adults of T.
leucotreta. We also estimate the sum of inducible and cognate
forms of heat shock protein 70 (HSP70) abundance in a sub-
set of these conditions to test whether changes in the abun-
dance of this thermotolerance-associated protein have driven
the observed differences in thermotolerance between life stages
and treatments. False codling moth is a multivoltine agricul-
tural pest of citrus and other fruit in southern Africa but with a
broad host range (including macadamia nuts and cotton). Adults
are active year-round in agroecosystems and overwinter without
diapause (Terblanche et al., 2014). Although this species is rela-
tively cold hardy, surviving well below 0 ∘C, the larvae are chill
susceptible and subject to inoculative freezing (Boardman et al.,
2012). False codling moth has a lower developmental thresh-
old between 6.4 and 15 ∘C and a total degree-day requirement
for completing an entire generation of approximately 600–800
depending on specific rearing conditions (Daiber, 1979a, b,
c; Daiber, 1980). However, the cold tolerance of lepidopter-
ans can be altered by factors such as host fruit (Liu et al.,
2009; Boardman et al., 2012). Relatively little is known about
life stage-related variation in tolerance and survival at thermal
extremes in this species, especially the limits of high temper-
ature activity and survival of adults and the plasticity thereof
(Boardman et al., 2012).
Based on the ecology of the different life stages and consider-
ing their relative use of microsites and microclimatic conditions,
specific predictions can be made regarding thermal tolerance
variation, activity limits and consequent plasticity between the
larval and adult life stages. Adults of T. leucotreta are noc-
turnal, active fliers during austral winter in agro-environments
and therefore experience conditions that are more variable
and potentially cooler (especially in winter) on average than
conditions experienced by less-mobile larvae living inside fruit
or inhabiting buffered microsites. Thus, better low temperature
tolerance might be expected in adults compared with larvae, or
at least a broader thermotolerance window for activity. Because
the mobile adults likely experience a greater range of thermal
microclimates (Woods et al., 2015), greater variability in tol-
erance or greater basal (innate) tolerance might be expected,
assuming little behavioural thermoregulation and the cost of
broadened thermal tolerance being minor (see discussion in
Sgro et al., 2016). Unlike larvae, which are reported to have
high basal levels of HSP70 (Boardman et al., 2013), adults may
rely more extensively on upregulating protective mechanisms to
survive a wider range of temperatures. We predict that HSP70
would be upregulated to a greater extent in adults than in larvae
and this would be associated with increased thermal tolerance.
Materials and methods
Animal rearing
False codling moth T. leucotreta larvae were obtained from
Cedar Biocontrol Insectary, XSIT (Pty) Ltd (Citrusdal, South
Africa) and kept under an LD 12 : 12 h photocycle at 25 ∘C
in an incubator (Yin Gen Growth Incubator; LASEC, South
Africa) following standard culture conditions (Hofmeyr et al.,
2015). It has yet to be determined whether individuals from the
XSIT colony are representative of wild individuals; however, the
colony is supplemented with tens to hundreds of wild individuals
every 3–5 years to avoid the potential effects of inbreeding
or genetic divergence. For experiments, fourth- to fifth-instar
larvae and 2–6-day-old adult moths (both unsexed) were used
to assess thermal tolerance in these life stages. Prior to all
experiments, larvae were fasted for 18–24 h. Adults used to
measure survival were provided with sugar water only after
experimental treatments.
Critical thermal limits
Estimates of critical thermal minimum (CTmin) and critical
thermal maximum (CTmax) were conducted at three different
controlled ramping rates for each life stage. In accordance
with some descriptions of thermal rates of change in natu-
ral environments in southern Africa (Terblanche et al., 2007;
Nyamukondiwa & Terblanche, 2010), 0.06 ∘C min–1 was cho-
sen to reflect the most natural thermal variation, with 0.1 and
0.25 ∘C min–1 used as a comparison with previously conducted
studies (e.g. Chidawanyika & Terblanche, 2011; Boardman
et al., 2012).
Individuals were placed into an 11 chamber (10 animal cham-
bers and one reference temperature chamber), double-jacketed
organ pipe apparatus connected to a programmable circulat-
ing fluid bath (cw410-wl; Huber, Germany) containing 50 : 50
propylene glycol : water, similar to that described by Chi-
dawanyika & Terblanche (2011). After allowing 30 min for
the body temperature to equilibrate to a starting temperature
of either 15 or 25 ∘C (for CTmin and CTmax, respectively), the
temperature in the bath was ramped at the appropriate rate of
increase/decrease until the physiological end-point of each indi-
vidual was determined, as indicated by a cessation of movement
after gentle prodding by a paintbrush. As a result of equipment
constraints and to minimize potential observer error, two blocks
of 10 individuals were tested per ramping rate and life stage for
both CTmin and CTmax with a single observer.
Survival assays
Larvae and adults were exposed to a combination of extreme
temperatures for a variety of durations ranging from 30 min to
4 h. These durations were chosen to cover the time and tem-
perature conditions that may reflect natural diurnal variation.
Larvae and adults were placed individually into 1.5-mL micro-
tubes with ventilation holes and tubes were placed in plastic
bags before being exposed to a range of temperatures (−14 to
−6 ∘C for both life stages, 36–52 ∘C for larvae and 36–44 ∘C
for adults) by immersion into a fluid bath (as described above
but filled with either ethanol for low temperatures or water
for high temperatures). Upper and lower lethal temperatures
(ULT and LLT, respectively), were determined as the specific
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temperature that resulted in 100% mortality. This was achieved
using the plunge protocol described by Sinclair et al. (2006).
Briefly, five groups of 10 individuals (larvae and adults eval-
uated separately) were plunged into a circulating fluid bath
for between 30 min to 4 h and survival was recorded 24 h after
exposure. Survival was determined as the individual responding
to a soft prodding with a paintbrush. The first groups were
subjected to a temperature that was nonlethal (i.e. complete
survival), with subsequent groups being exposed to gradually
more stressful temperatures until 100% mortality was reached.
These lethal temperatures were determined after exposure to
only three exposure temperatures (–6, –10 and –14 ∘C) for
LLT but required five temperature treatments for ULT (36,
40, 44, 48 and 52 ∘C). Because these assays were conducted
using whole degree temperatures that in some cases were up to
4 ∘C apart, a probit analysis was used to calculate the specific
temperature (estimated to one decimal place) that resulted in
80% mortality (or lethal temperature for 80% of the population,
LT80), determined as the ‘discriminating temperature’.
Hardening assays
A range of treatments varying in their temperature and dura-
tion were employed to assess possible hardening (acute plastic)
responses that might have improved high temperature survival
(sensu Chidawanyika & Terblanche, 2011). The discriminating
temperatures (LT80) that were determined from probit model
analyses of survival assays (using the 2-h duration treatments)
were −9.9 or 43.3 ∘C for adults and −17.5 or 51.3 ∘C for larvae.
However, because there was some deviation between the target
temperature set on the fluid bath and the observed temperature
experienced (recorded using an iButton; Maxim Integrated, San
Jose, California), the actual mean discriminating temperatures
were −7.7 or 42.3 ∘C for adults and −14.2 or 51.3 ∘C for larvae
(typically ±0.5 ∘C for high and ±1.0 ∘C for low temperature
treatments).
For all hardening pre-treatments, a minimum of five replicates
containing 10 larvae or adult moths (mixed sex) per replicate
container were used to score survival. Larvae were kept indi-
vidually in microtubes within containers to avoid cannibalism.
We specifically also included 1-h or 2-h ‘gap’ treatments (i.e. a
break at ambient temperatures between pre-treatment and lethal
temperatures) to allow complete development of a physiologi-
cal response (Sinclair & Chown, 2003). For rapid cold hardening
experiments, larvae and adults were pre-treated at 5, 0 and−5 ∘C
for 2 h, after which they were then plunged to their discrimi-
nating temperature. To attempt to induce rapid heat hardening,
larvae or adults were pre-treated at 25 ∘C (controls), 35, 37 and
39 ∘C for either 1 or 2 h, after which they were plunged to the
discriminating temperature for 2 h. Gap treatments were also
included where larvae and adults were pre-treated at a range of
high temperatures (35, 37 and 39 ∘C, with 25 ∘C as a control)
for 1 h and then returned to 25 ∘C for 1 h, after which larvae
and moths were then plunged to their respective discriminating
temperatures. The accuracy of our circulating baths (e.g. calcu-
lated standard errors from iButton data) were typically within
± 0.5 ∘C for high temperatures or ± 1.0 ∘C for low temperatures
during assays.
HSP70 assays
To determine whether HSP70 was playing a role in critical
limits or hardening responses, we measured HSP70 in a new
cohort of individuals as described by Boardman et al. (2013).
Here, we were specifically interested in the functional protein,
rather than gene expression, responses because the two may be
decoupled. Changes in gene expression provide only a partial
component of the functional phenotypic stress response. HSP70
abundance at critical thermal limits was investigated in both
larvae and adults by repeating the CTmin and CTmax experiments
at the slowest and fastest ramping rates (0.06 and 0.25 ∘C min–1).
Individuals were removed from the experiments at 25, 11, 8,
5 and 2 ∘C (CTmin) and 25, 35, 40 and 45 ∘C (CTmax) and
snap-frozen in liquid nitrogen. To investigate HSP70 abundance
during the hardening response, hardening pre-treatments were
repeated and larvae and adults were snap-frozen and stored at
−80 ∘C immediately after the gap treatment.
Individual samples (five per group) were homogenized in
400 μL of cold phosphate-buffered saline containing 2 mm
PEFAbloc (Sigma-Aldrich, Germany) and 1% volume antipro-
tease cocktail (Karl et al., 2009). After centrifuging the
homogenate at 10 400g (at 4 ∘C for 30 min), supernatants
were kept and total protein was determined using a BCA
assay kit (Pierce, Thermo Fisher Scientific Inc., Waltham,
Massachusetts). Next, 30 μg mL–1 of each sample was used in
a standard enzyme-linked immunosorbent assay protocol with
monoclonal anti-heat shock protein 70 antibody produced in
mouse, clone BRM-22 (dilution 1 : 5000; Sigma H5147; Sigma,
St Louis, Missouri) and enzyme-conjugated secondary antibody
(dilution 1 : 10 000; HRP-conjugated rabbit anti-mouse IgGl
Abcam #6728; Abcam, Cambridge, Massachusetts). The pri-
mary antibody detects both the constitutive (HSP73 or HSC70)
and inducible (HSP72) forms of HSP70 and we were therefore
unable to distinguish between the two forms of HSP70. Full
details of validation and antibody binding specificity incorpo-
rating both positive and negative controls by western blotting
are provided in Boardman et al. (2013). Samples were run in
duplicate on each plate and plates were replicated. A standard
sample containing larval and adult protein extracts was included
on each plate to facilitate comparisons across plates.
Statistical analysis
The effect of ramping rates on critical thermal limits data
were analyzed using a full-factorial generalized linear model
(GLM) with a normal distribution of errors and a log link
function in statistica, version 13 (Statsoft, Tulsa, Oklahoma).
Initial inspection of the data found several outliers in the
0.06 ∘C min–1 CTmax group and generally skewed frequency
distributions of thermal limit data that was unable to be rectified
by the removal of the outliers. Therefore, we preferred to use a
GLM statistical approach that could handle these data without
arbitrary deletion of individual data points. In this instance, the
categorical predictors were the life stage (larvae or adult) and
ramping rate (0.06, 0.1 or 0.25 ∘C min–1), and the dependent
variable was either CTmin or CTmax. Model outputs from the
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glm are reported (with overlapping 95% confidence intervals
used to identify statistically homogenous groups) and, in all
cases, we verified that models were not overdispersed (i.e. scaled
deviances were close to 1.0).
Survival curves, as well as associated discriminating temper-
atures, were estimated first using a probit analysis approach in
sas enterprise guide, version 5.1 (SAS Institute Inc., Cary,
North Carolina) and 95% fiducial limits were calculated using
proc probit with inverse confidence limits. Thereafter, full gen-
eralized linear model (proc genmod) analyses were performed in
sas with the ratio of number of individuals surviving/total num-
ber of T. leucotreta treated as the dependent variable, along with
a binomial distribution and a logit link function of errors, aim-
ing to assess the effects of the continuous variable temperature
and the categorical variable of treatment duration. Where models
were overdispersed, correction was performed by rescaling the
deviance and re-running the models. Type 3 analyses were per-
formed and reported to address the full-factorial experimental
effects on survival.
Hardening effects were assessed by running GLM (binomial
distribution, logit link function) with the categorical effect of
treatment group with the ratio of number of individuals surviv-
ing/total number of T. leucotreta exposed to the treatment as the
dependent variable. Where models were overdispersed, correc-
tion was performed by rescaling the deviance and re-running the
models. As a result of the high numbers of complete mortality
in some treatment groups, these models were run with no forced
intercept.
HSP70 abundance was analyzed with a GLM in sas (using
a normal distribution and identity link function) to assess the
effects of life stage, ramping rate and temperature on HSP70
amount during the critical limits experiments. A separate GLM
was run to assess the effects of life stage and treatment on HSP70
amount during the hardening experiments.
Results
Critical thermal limits
Factorial GLM revealed ramping (cooling) rate [Wald
χ2 = 1.74, d.f.= 2, P= 0.41; d.f.= 140, scaled deviance= 1.042,
Akaike information criterion (AIC)= 547.1] was not signifi-
cant, whereas life stage (χ2 = 173.8, d.f.= 1, P< 0.0001) and
the interaction of ramping rate and life stage (χ2 = 33.9, d.f.= 2,
P< 0.0001) both had a significant effect on CTmin. For CTmin,
larvae had significantly higher activity limits than adults at
all three ramping rates (Fig. 1A). In larvae, CTmin estimates
declined as ramping rates increased, whereas, in adults, the
CTmin estimates were significantly higher in the 0.25
∘C min–1
than the slower two ramping rates (Fig. 1A).
For CTmax, a factorial glm revealed ramping (heating)
rate (Wald χ2 = 34.1, d.f.= 2, P< 0.0001; d.f.= 126, scaled
deviance= 1.048, AIC= 582.8), life stage (χ2 = 33.8, d.f.= 1,
P< 0.0001) and the interaction of ramping rate and life stage
(χ2 = 17.8, d.f.= 2, P< 0.0005) were all significant. Larvae had
a higher CTmax than adults (Fig. 1B) and larval CTmax increased
Fig. 1. The effect of ramping rates on the critical thermal minima
(CTmin) (A) and critical thermal maxima (CTmax) (B) in larvae and
adults of Thaumatotibia leucotreta. Data points represent the means
of 17–44 individuals, whereas error bars represent ±95% confidence
intervals. Groups with different lowercase letters are significantly
different (P< 0.05).
with an increase in ramping rate. Adult CTmax remained
unchanged at the different heating rates (Fig. 1B).
Survival assays
Exposure duration, temperature, and the interaction of dura-
tion and temperature significantly influenced survival at low
and high (Table 1) temperatures in larvae and adults of T. leu-
cotreta (Fig. 2). Lower lethal temperatures ranged from −14 to
−6 ∘C for both larvae and adults, whereas upper lethal tem-
peratures ranged from 36 to 52 ∘C for larvae and 32 to 48 ∘C
for adults depending on duration of exposure More extreme
temperatures were typically more lethal for either life stage,
with the exception of adults at 36 ∘C where the lowest sur-
vival was after 30 min (Fig. 2D). Generalized linear models
(GLM, Type III, assuming normal data, identity link function)
revealed significant difference in survival between larvae and
adults to lower and upper lethal temperature (χ2 = 54.72, d.f.= 2,
P< 0.001 and χ2 = 14.56, d.f.= 2, P< 0.001) and a significant
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Table 1. Summary of the generalized linear models (GLM) (Type III)
analyses, testing the effects of exposure temperature and duration on survival;
the effects of low and high thermal pre-treatments low and high temperature
survival, respectively; the effects of exposure temperature and ramping rate
on the amount of heat shock protein 70 (HSP70); and the effect of treatment
on HSP70 during hardening experiments.
Larvae Adults
Parameter d.f. χ2 P d.f. χ2 P
Lower lethal temperature
Duration 1 41.53 <0.001 1 18.66 <0.001
Temperature 1 31.34 <0.001 1 11.99 <0.001
Duration× temperature 1 44.83 <0.001 1 19.74 <0.001
Upper lethal temperature
Duration 1 36.08 <0.001 1 25.95 <0.001
Temperature 1 29.37 <0.001 1 16.04 <0.001
Duration× temperature 1 36.82 <0.001 1 26.95 <0.001
Low temperature treatments
Controla 1 27.06 <0.001 1 34.23 <0.001
5 ∘C/2 h 1 0 1 1 0 1
0 ∘C/2 h 1 18.76 <0.001 1 31.1 <0.001
−5 ∘C/2 h 1 0 1 1 0 1
All treatment effects 4 45.82 <0.001 4 65.33 <0.001
High temperature treatments
Controlb 1 0 1 1 3.08 0.08
25 ∘C/1 h 1 0 1 1 2.08 0.15
25 ∘C/1 h+ 25 ∘C/1 h 1 17.94 <0.001 1 4.9 0.03
25 ∘C/2 h 1 18.66 <0.001 1 8.38 0.004
35 ∘C/1 h 1 0 1 1 0.04 0.83
35 ∘C/1 h+ 25 ∘C/1 h 1 7.2 0.007 1 5.74 0.02
35 ∘C/2 h 1 0 1 1 0.01 0.92
37 ∘C/1 h 1 0 1 1 11.74 <0.001
37 ∘C/1 h+ 25 ∘C/1 h 1 0.01 1 1 12.19 <0.001
37 ∘C/2 h 1 0 1 1 7.82 0.005
39 ∘C/1 h 1 0 1 1 1.7 0.19
39 ∘C/1 h+ 25 ∘C/1 h 1 0 1 1 2.69 0.1
39 ∘C/2 h 1 0 1 1 5.77 0.02
All treatment effects 13 43.82 <0.001 13 66.13 <0.001
HSP70 ramping rate effects
Ramping rate 1 1.14 0.287 1 0.01 0.919
Temperature 6 9.98 0.126 6 3.58 0.734
Ramping rate× temperature 6 12.34 0.055 6 6.48 0.371
HSP70 hardening effects
Treatment 10 14.49 0.152 10 11.71 0.305
aLarvae: −14.2 ∘C/2 h; Adults: −7.7 ∘C/2 h.
bLarvae: 51.3 ∘C/2 h; Adults: 42.3 ∘C/2 h.
All tests were performed on Thaumatotibia leucotreta larvae and adults.
interaction between temperature and life stage (χ2 = 14.48,
d.f.= 1, P< 0.001).
Hardening assays
For assays investigating the potential for rapid cold hard-
ening, discriminating temperatures were 2 h at −14.2 ∘C for
larvae and −7.7 ∘C for adults. Significant effects of low tem-
perature treatment group on low temperature survival could
be detected (Table 1). In both larvae and adults, there was a
significant difference between control groups and the 2 h at 0 ∘C
pre-treatment (Table 1), although the direction of effects was
inconsistent with an expected hardening response (i.e. survival
decreased rather than improved), suggesting pre-treatment was
likely injurious (Fig. 3A, C). The survival after exposure to the
estimated discriminating temperature for both life stages was
also lower than anticipated (less than the targeted 20% for both
groups) (Fig. 3A, C) but not unexpected given the high levels
of variability that may be introduced using this combination of
methodological approaches.
For rapid heat hardening assays, discriminating tempera-
tures were 2 h at 51.3 ∘C for larvae and 42.3 ∘C for adults.
Pre-treatment had a significant effect on high temperature sur-
vival in both larvae and adults (Fig. 3E, G and Table 1) with
improvements in survival over the control group detected for
seven of the 13 treatments assessed. In larvae and adults, differ-
ences in survival relative to the control group occurred for the
handling control 25 ∘C/1 h+ 25 ∘C/1 h and 25 ∘C/2 h treatments
(Table 1). In some cases, significant variability among replicates
of the controls was detected (from approximately 65–80% sur-
vival), although the magnitude of this variation among differ-
ent control groups was generally low (approximately 15%). The
direction of the effect in our results suggests that longer dura-
tion control treatment improves survival to a small but signifi-
cant extent over shorter duration control treatments. The largest
changes in survival of larvae at the discriminating high tem-
perature occurred in the 35 ∘C/1 h+ 25 ∘C/1 h treatment group
(Fig. 3E).
HSP70 assays
Adults had significantly more HSP70 than larvae in all
assays (GLM, χ2 = 192.3, d.f.= 1, P< 0.001) (Fig. 3B, D, F,
H). Neither the ramping rate, nor the temperature had any
effect on HSP70 during the critical limits experiments (Table 1).
Temperature and duration of exposure also did not affect HSP70
during the hardening experiments (Fig. 3B, D, F, H and Table 1).
Discussion
Activity limits and survival are critical for understanding the
abiotic factors affecting population dynamics, dispersal and the
geographical distribution of this agricultural pest. In the present
study, we find that the two life stages of T. leucotreta under
examination differ significantly in their ability to survive and
perform activity under diverse thermal conditions. Generally,
larvae can survive a broader range of temperatures, whereas
adults can remain active across a broader range of temperatures.
These are perhaps to be expected considering the specific ecol-
ogy of the two life stages (see Introduction). Ramping rate has a
greater impact on larval activity limits than adult activity limits.
The estimates of thermal activity thresholds (CTmax and CTmin)
differ between life stages across all ramping rates. Larger life
stage-related differences are detected in CTmin when measured at
the slower, potentially more ecologically-relevant, cooling rate
(0.06 ∘C min–1), whereas the opposite trend is observed in the
life stage-related differences in CTmax. These results indicate
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Fig. 2. Mean± SE survival of Thaumatotibia leucotreta larvae (A, C) and adults (B, D) after four different durations of exposure to low temperatures
(A, B) and high temperatures (C, D). Each data point represents five replicates of approximately 10 individuals. [Colour figure can be viewed at
wileyonlinelibrary.com].
that the detection of life stage-related differences in thermal tol-
erance can depend on the choice of methodological approach
(slow versus fast ramping rate) and the end of the thermal per-
formance curve being considered (high versus low temperature
limits). Given that the life stages of many insects are compared
using a single ramping rate (Vorhees & Bradley, 2012) or only a
few fixed temperatures during plunging assays (Bürgi & Mills,
2012; Marais et al., 2009), it is important to consider carefully
the appropriate experimental protocols for assessing survival
and activity limits. However, it is possible that the estimates
of tolerance derived from different ramping rates are measur-
ing fundamentally different thermal traits, governed by different
genes and cellular damage and repair mechanisms (Hoffmann
et al., 1997; Sørensen et al., 2013; but see Hangartner & Hoff-
mann, 2016). The genes and pathways under investigation may
also vary depending on the timing of when the stress exposure is
experienced (Zhang et al., 2015; see review in Sgro et al., 2016).
More recent thermal exposure is more likely to have a more pro-
nounced impact on subsequent tolerance and fitness estimates
(Kellermann et al., 2017).
The results show that the larval life stage has high variability
within and among tolerance estimates and low levels of basal
thermal tolerance. No clear rapid cold hardening response (i.e.
survival improvement) was found in this species despite the
large sample sizes and range of treatments used to elicit such
responses. This finding is consistent with earlier work on the
adults (Stotter & Terblanche, 2009). By contrast to our general
predictions, the adult life stage shows high basal tolerance and
pronounced heat hardening (i.e. survival improvements) under
certain treatment conditions. The variation detected among some
control treatment groups (e.g. in the heat hardening assays) may
be explained by small variations in water bath temperature, vari-
ability between individuals, as a result of some individuals being
more well fed than others (and thus perhaps fasted to different
extents) prior to the survival assays (Boardman et al., 2012) or,
more likely, handling (sorting, bagging and dunking into the bath
at 25 ∘C) differences eliciting varied stress responses that result
in small but significant changes in baseline survival (Sejerk-
ilde et al., 2003). HSP70 responses, although variable, do not
reflect the tolerance patterns, suggesting that alternative mech-
anisms are likely involved. This pattern of results may also be
a consequence of the antibody employed being unable to dif-
ferentiate between the cognate and inducible forms of HSP70.
The presence of heat hardening responses without a clear HSP70
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Fig. 3. The effects of short-term low tem-
perature pre-treatments on low temperature
survival (i.e. testing for rapid cold hard-
ening) (A, C) and heat shock protein 70
(HSP70) abundance (B, D) and high tempera-
ture pre-treatments (rapid heat hardening) on
high temperature survival (E, G) and HSP70
abundance (F, H) of Thaumatotibia leucotreta
larvae and adults (n= 50 individuals for sur-
vival assays; n= 5 for HSP70 enzyme-linked
immunoassay experiments). Bars represent
the mean± SE.
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response suggests that other macromolecules or adaptive mech-
anisms may be involved in the survival of T. leucotreta to tem-
perature stress. There are several possible mechanisms worthy
of further consideration but perhaps most the important are the
small HSPs and ion homeostasis (O’Sullivan et al., 2016; Zhang
et al., 2016), as well as their potential interaction (Armstrong
et al., 2011), which are increasingly implicated in invertebrate
heat tolerance. It remains unlikely that oxygen limitation plays
a role in mechanistically governing CTmin in larvae (Board-
man et al., 2016), although it would be useful to consider this
hypothesis at high temperatures and across life stages, given that
another moth species, Bombyx mori, show strongly divergent
stage-related responses (Boardman & Terblanche, 2015).
The most pronounced difference in CTmin between life stages
is detected under the slowest ramping rate. This effect on low
temperature activity limits may reflect the different microcli-
mates that larvae and adults of T. leucotreta experience in the
field. Adults likely experience lower average temperatures than
larvae, especially in winter, given the year-round presence of the
adult moth in traps, as well as mobility and nocturnal behaviour.
Larvae in fruit likely experience more buffered conditions rela-
tive to adults, although this may not be the case if fruit heat up to
higher average temperatures and larvae thermoregulate carefully
(e.g. by leaving the fruit or moving to a cooler position within
the fruit: Kuhrt et al., 2005; Woods, 2013; Woods et al., 2015).
Nevertheless, it is possible that larvae living inside host fruits
or on bark experience, on average, more buffered temperatures
than adults, possibly relaxing thermal constraints on activity to
some extent (Woods, 2013; a similar discussion for our focal
species is provided in Boardman et al., 2012). By contrast, adults
disperse readily even at low ambient temperatures, a behaviour
that requires a lower temperature activity threshold (Stotter &
Terblanche, 2009; Boersma et al., 2017). Boersma et al. (2017)
report that T. leucotreta possess some across-stage plasticity in
CTmin (i.e. thermal exposure of developing larvae altered adult
CTmin), although these responses are complex. The effect of the
rate of thermal change on variation in activity thresholds and
survival likely reflects key ecological differences in the thermal
environment that are experienced between these life stages. Fur-
ther work is required, however, to comprehensively understand
the specific microclimates experienced by the two life stages
and their relative reliance on behavioural thermoregulation in
the field.
Greater, and clearly beneficial, heat hardening responses in
the adult life stage are perhaps at odds with the hypothesis that
behavioural thermoregulation minimizes the need for physiolog-
ical responses to heat stress (‘Bogert effect’) (Marais & Chown,
2008; Mitchell et al., 2013). The Bogert effect hypothesis pre-
dicts that the more mobile adult life stage experiences less selec-
tion for plastic responses to thermal environment than the more
sedentary larval stage, yet the results of the present study show
that the adult stage exhibits a more plastic beneficial response to
high temperature stress. This is not altogether surprising because
several other studies of Lepidoptera report pronounced benefi-
cial heat hardening responses in the adult stage (codling moth:
Chidawanyika & Terblanche, 2011; oriental fruit moth: Zhang
et al., 2016). A lack of survival improvement with high temper-
ature shock is, however, not uncommon in Lepidoptera, as in
the case of the diamondback moth (Nguyen et al., 2014). Fur-
ther investigation of the cellular mechanisms employed by T.
leucotreta to cope with potential thermal injury in the differ-
ent life stages, as well as an examination of any across stage
carry-over effects, would be especially useful and likely to con-
tribute to understanding age-related variation in tolerance and
plastic responses of insects more broadly (Bowler & Terblanche,
2008; Colinet et al., 2013; Sgro et al., 2016).
Acknowledgements
The Agriculture Research Council and XSIT provided study
organisms and temperature data. This work was partly funded
by HortGro Science, the South African National Research Foun-
dation (NRF) THRIP and IFR funding, as well as International
Atomic Energy Agency funding support through a Coordinated
Research Program to JST. KAM was supported by HortGro Sci-
ence and the Claude Leon Foundation. LB was funded by an
NRF Innovation Postdoctoral Fellowship. We are grateful to the
anonymous referees for constructive, insightful comments on an
earlier version. The authors declare that they have no conflicts
of interest.
References
Armstrong, G.A.B., Xiao, C., Krill, J.L. et al. (2011) Glial Hsp70
protects K+ homeostasis in the Drosophila brain during repetitive
anoxic depolarization. PLoS ONE, 6, e28994.
Boardman, L. & Terblanche, J.S. (2015) Oxygen safety margins set
thermal limits in an insect model system. Journal of Experimental
Biology, 218, 1677–1685.
Boardman, L., Grout, T.G. & Terblanche, J.S. (2012) False codling
moth Thaumatotibia leucotreta (Lepidoptera, Tortricidae) larvae are
chill-susceptible. Insect Science, 19, 315–328.
Boardman, L., Sørensen, J.G. & Terblanche, J.S. (2013) Physiological
responses to fluctuating thermal and hydration regimes in the chill
susceptible insect, Thaumatotibia leucotreta. Journal of Insect Phys-
iology, 59, 781–794.
Boardman, L., Sørensen, J.G. & Terblanche, J.S. (2016) Physiological
and molecular mechanisms associated with cross tolerance between
hypoxia and low temperature in Thaumatotibia leucotreta. Journal of
Insect Physiology, 90, 59–61.
Boersma, N.B., Boardman, L., Gilbert, M. & Terblanche, J.S. (2017)
Sex-dependent thermal history influences cold tolerance, longevity
and fecundity in false codling moth, Thaumatotibia leucotreta (Lepi-
doptera: Tortricidae). Agricultural and Forest Entomology. https://doi
.org/10.1111/afe.12227.
Bowler, K. & Terblanche, J.S. (2008) Insect thermal tolerance: what is
the role of ontogeny, ageing and senescence? Biological Reviews, 83,
339–355.
Bürgi, L.P. & Mills, N.J. (2012) Ecologically relevant measures of the
physiological tolerance of light brown apple moth, Epiphyas postvit-
tana, to high temperature extremes. Journal of Insect Physiology, 58,
1184–1191.
Chidawanyika, F. & Terblanche, J.S. (2011) Rapid thermal responses
and thermal tolerance in adult codling moth Cydia pomonella (Lepi-
doptera: Torticidae). Journal of Insect Physiology, 57, 108–117.
Colinet, H., Siassat, D., Bozzolan, F. & Bowler, K. (2013) Rapid decline
of cold tolerance at a young age is associated with expression of stress
© 2017 The Royal Entomological Society, Physiological Entomology, 42, 379–388
Thermal limits in false codling moth 387
genes in Drosophila melanogaster. Journal of Experimental Biology,
216, 253–259.
Colinet, H., Pineau, C. & Com, E. (2017) Large scale phosphoprotein
profiling to explore Drosophila cold acclimation regulatory mecha-
nisms. Scientific Reports, 7, 1713.
Daiber, C.C. (1979a) A study of the biology of the false codling moth
[Cryptophlebia leucotreta (Meyr.)]: the egg. Phytophylactica, 11,
129–132.
Daiber, C.C. (1979b) A study of the biology of the false codling moth
[Cryptophlebia leucotreta (Meyr.)]: the larva. Phytophylactica, 11,
141–144.
Daiber, C.C. (1979c) A study of the biology of the false codling moth
[Cryptophlebia leucotreta (Meyr.)]: the cocoon. Phytophylactica, 11,
151–157.
Daiber, C.C. (1980) A study of the biology of the false codling moth
[Cryptophlebia leucotreta (Meyr.)]: the adult and generations during
the year. Phytophylactica, 12, 187–193.
Faulkner, K.T., Clusella-Trullas, S., Peck, L.S. & Chown, S.L. (2014)
Lack of coherence in the warming responses of marine crustaceans.
Functional Ecology, 28, 895–903.
Hangartner, S. & Hoffmann, A.A. (2016) Evolutionary potential
of multiple measures of upper thermal tolerance in Drosophila
melanogaster. Functional Ecology, 30, 442–452.
Hoffmann, A.A., Dagher, H., Hercus, M. & Berrigan, D. (1997)
Comparing different measures of heat resistance in selected lines
of Drosophila melanogaster. Journal of Insect Physiology, 43,
393–405.
Hofmeyr, J.H., Carpenter, J.E., Bloem, S. et al. (2015) Development of
the sterile insect technique to suppress false codling moth Thauma-
totibia leucotreta (Lepidoptera: Tortricidae) in citrus fruit: research
to implementation (Part 1). African Entomology, 23, 180–186.
Jensen, D., Overgaard, J. & Sørensen, J.G. (2007) The influence
of developmental stage on cold shock resistance and ability to
cold-harden in Drosophila melanogaster. Journal of Insect Physiol-
ogy, 53, 179–186.
Ju, R.T., Gao, L., Zhou, X.H. & Li, B. (2013) Tolerance to high
temperature extremes in an invasive lace bug, Corythucha ciliata
(Hemiptera: Tingidae), in subtropical China. PLoS ONE, 8, e54372.
Karl, I., Sørensen, J.G., Loeschcke, V. & Fischer, K. (2009) HSP70
expression in the Copper butterfly Lycaena tityrus across altitudes and
temperatures. Journal of Evolutionary Biology, 22, 172–178.
Kellermann, V., Overgaard, J., Loeschcke, V. et al. (2013) Trait associ-
ation across evolutionary time within a Drosophila phylogeny: corre-
lated selection or evolutionary constraint? PLoS ONE, 8, e72072.
Kellermann, V., van Heerwaarden, B. & Sgrò, C.M. (2017) How impor-
tant is thermal history? Evidence for lasting effects of developmen-
tal temperature on upper thermal limits in Drosophila melanogaster.
Proceedings of the Royal Society of London Series B, Biological Sci-
ences, 284. https://doi.org/10.1098/rspb.2017.0447.
Kuhrt, U., Samietz, J. & Dorn, S. (2005) Thermoregulation behaviour in
codling moth larvae. Physiological Entomology, 30, 54–61.
Liu, Z., Gong, P., Heckel, D.G., Wei, W. & Li, D. (2009) Effects of larval
host plants on over-wintering physiological dynamics and survival of
the cotton bollworm, Helicoverpa armigera (Hübner) (Lepidoptera:
Noctuidae). Journal of Insect Physiology, 55, 1–9.
Marais, E. & Chown, S.L. (2008) Beneficial acclimation and the Bogert
effect. Ecology Letters, 11, 1027–1036.
Marais, E., Terblanche, J.S. & Chown, S.L. (2009) Life stage-related
differences in hardening and acclimation of thermal tolerance traits
in the kelp fly, Paractora dreuxi (Diptera: Helcomyzidae). Journal of
Insect Physiology, 55, 336–343.
Mitchell, K.A., Sgrò, C.M. & Hoffmann, A.A. (2011) Phenotypic
plasticity in upper thermal limits is weakly related to Drosophila
species distributions. Functional Ecology, 25, 661–670.
Mitchell, K.A., Sinclair, B.J. & Terblanche, J.S. (2013) Ontogenetic
variation in cold tolerance plasticity in Drosophila: is the Bogert effect
bogus? Naturwissenschaften, 100, 281–284.
Nguyen, C., Bahar, M.H., Baker, G. & Andrew, N.R. (2014) Thermal
tolerance limits of diamondback moth in ramping and plunging
assays. PLoS ONE, 9, e87535.
Nyamukondiwa, C. & Terblanche, J.S. (2010) Within-generation varia-
tion of critical thermal limits in adult Mediterranean and Natal fruit
flies Ceratitis capitata and Ceratitis rosa: thermal history affects
short-term responses to temperature. Physiological Entomology, 35,
255–264.
Nyamukondiwa, C., Terblanche, J.S., Marshall, K.E. & Sinclair, B.J.
(2011) Basal cold but not heat tolerance constrains plasticity among
Drosophila species (Diptera: Drosophilidae). Journal of Evolutionary
Biology, 24, 1927–1938.
O’Sullivan, J.D.B., MacMillan, H.A. & Overgaard, J. (2016) Heat stress
is associated with disruption of ion balance in the migratory locust,
Locusta migratoria. Journal of Thermal Biology. https://doi.org/10
.1016/j.jtherbio.2016.04.001.
Overgaard, J., Kristensen, T.N., Mitchell, K.A. & Hoffmann, A.A.
(2011) Thermal tolerance in widespread and tropical Drosophila
species: does phenotypic plasticity increase with latitude? American
Naturalist, 178, S80–S96.
Sejerkilde, M., Sørensen, J.G. & Loeschcke, V. (2003) Effects of cold-
and heat hardening on thermal resistance in Drosophila melanogaster.
Journal of Insect Physiology, 49, 719–726.
Sgrò, C.M., Overgaard, J., Kristensen, T.N. et al. (2010) A compre-
hensive assessment of geographical variation in heat tolerance and
hardening capacity in populations of Drosophila melanogaster from
eastern Australia. Journal of Evolutionary Biology, 23, 2484–2493.
Sgrò, C.M., Terblanche, J.S. & Hoffmann, A.A. (2016) What can
plasticity contribute to insect responses to climate change? Annual
Review of Entomology, 61, 433–451.
Sinclair, B.J. & Chown, S.L. (2003) Rapid cold hardening responses
to high temperature and desiccation, but not to low temperature
in the freeze tolerant sub-Antarctic caterpillar, Pringleophaga mar-
ioni (Lepidoptera, Tineidae). Journal of Insect Physiology, 49,
45–52.
Sinclair, B.J., Terblanche, J.S., Scott, M.B. et al. (2006) Environ-
mental physiology of three species of Collembola at Cape Hallett,
North Victoria Land, Antarctica. Journal of Insect Physiology, 52,
29–50.
Sørensen, J.G., Loeschcke, V. & Kristensen, T.N. (2013) Cellular
damage as induced by high temperature is dependent on rate of
temperature change – investigating consequences of ramping rates on
molecular and organismal phenotypes in Drosophila melanogaster.
Journal of Experimental Biology, 216, 809–814.
Stotter, R.L. & Terblanche, J.S. (2009) Low-temperature tolerance
of false codling moth Thaumatotibia leucotreta (Meyrick) (Lepi-
doptera: Tortricidae) in South Africa. Journal of Thermal Biology, 34,
320–325.
Teets, N.M. & Denlinger, D.L. (2013) Physiological mechanisms of sea-
sonal and rapid cold-hardening in insects. Physiological Entomology,
38, 105–116.
Terblanche, J.S., Deere, J.A., Clusella-Trullas, S. et al. (2007) Critical
thermal limits depend on methodological context. Proceedings of
the Royal Society of London Series B, Biological Sciences, 274,
2935–2942.
Terblanche, J.S., Hoffmann, A.A., Mitchell, K.A. et al. (2011) Ecologi-
cally relevant measures of tolerance to potentially lethal temperatures.
Journal of Experimental Biology, 214, 3713–3725.
Terblanche, J.S., de Jager, Z., Boardman, L. & Addison, P. (2014)
Physiological traits suggest limited diapause response in false codling
© 2017 The Royal Entomological Society, Physiological Entomology, 42, 379–388
388 J. S. Terblanche et al.
moth, Thaumatotibia leucotreta (Lepidoptera: Tortricidae). Journal of
Applied Entomology, 138, 683–691.
Vorhees, A.S. & Bradley, T.J. (2012) Differences in critical ther-
mal maxima and mortality across life stages of the mealworm
beetle Tenebrio molitor. Journal of Experimental Biology, 215,
2319–2326.
Woods, H.A. (2013) Ontogenetic changes in the body temperature of an
insect herbivore. Functional Ecology, 27, 1322–1331.
Woods, H.A., Dillon, M.E. & Pincebourde, S. (2015) The roles of
microclimatic diversity and of behavior in mediating the responses of
ectotherms to climate change. Journal of Thermal Biology, 54, 86–97.
Zhang, W., Chang, X.Q., Hoffmann, A.A. et al. (2015) Impact of hot
events at different developmental stages of a moth: the closer to
the adult stage, the less reproductive output. Scientific Reports, 5,
10436.
Zhang, B., Peng, Y., Zheng, J. et al. (2016) Response of heat shock
protein genes of the oriental fruit moth under diapause and thermal
stress reveals multiple patterns dependent on the nature of stress
exposure. Cell Stress & Chaperones, 21, 653–663.
Accepted 5 July 2017
First published online 11 August 2017
© 2017 The Royal Entomological Society, Physiological Entomology, 42, 379–388
